In this work, friction surfacing (FS) of AA5083 on a DH36 steel substrate was experimentally studied. The process parameters such as rotation speed, travel speed and feed rate are of great significance to the success of the FS process. Seven friction surfaced plates with different combinations of parameters were examined. Optical microscopy, SEM and EDS were used to analyse the characteristics of the microstructure and composition of the interface between the surface and the substrate. The results show that the deposition surface quality decreased as the feed rate, travel speed and axial force increased. However, the bond strength increased with higher feed rate, higher rotation speed and lower travel speed. Elemental diffusion of Fe to AA5083 was established, and the intermetallic compound FeAl 3 was produced in the interface.
Introduction
Friction surfacing (FS) is a solid-state surface engineering technology invented by Klopstock and Neelands [1] . It has been used for the repair of damaged surfaces and for improving the surface wear-resistance or corrosion-resistance performance [2] [3] [4] . In friction surfacing (see Figure 1 ), a high rotational speed consumable rod is pressed against the substrate by the axial force, which generates the frictional heat in the interface to soften and plasticize the rod material such that a viscoplastic shearing layer is formed between the deposited rod material and the substrate. When the consumable rod moves relative to the substrate plate, the shearing layer is continuously and evenly deposited onto the surface of the substrate [5] .
Friction surfacing (FS) is a solid-state surface engineering technology invented by Klopstock and Neelands [1] . It has been used for the repair of damaged surfaces and for improving the surface wearresistance or corrosion-resistance performance [2] [3] [4] . In friction surfacing (see Figure 1 ), a high rotational speed consumable rod is pressed against the substrate by the axial force, which generates the frictional heat in the interface to soften and plasticize the rod material such that a viscoplastic shearing layer is formed between the deposited rod material and the substrate. When the consumable rod moves relative to the substrate plate, the shearing layer is continuously and evenly deposited onto the surface of the substrate [5] . Since the heat is dissipated by friction, the maximum temperature is lower than the melting temperature of the rod, which eliminates porosity and solidification cracking, providing advantages for dissimilar joining of materials over fusion-based technologies [6] [7] [8] .
The quality of the friction surfaced layer is greatly influenced by the process parameters. Gandra et al. [9] tested various process parameters for a mild steel consumable rod and substrate. Higher travel speeds produced thinner deposits, improved deposition hardness, and decreased energy consumption. Increasing the axial force enhanced the bond strength and resulted in wider and thinner deposits, but excessive force resulted in a non-uniform deposition [10, 11] . Guo et al. [12] investigated the effect of rotation speed on the microstructure, hardness and pitting corrosion resistance. The improvement in pitting corrosion resistance caused by optimization of the rotation speed was clearly visible. Vitanovet al. [13] performed FS experiments with different materials, rod diameters and substrates (303, 304, 316, 416, 431) . The bond strength was found to increase proportionally with axial force, and travel speed had a second order relationship to the bond strength. Murugan et al. [14] experimentally deposited MONEL K500 on AISI 1012 substrate with response surface methodology, and a mathematical model was developed for the thickness of the surfaced layer and good bond integrity in terms of the process parameters.
In a similar study, Voutchkov et al. [15] proposed the procedures for optimization of the friction surfacing process. In their work [11] , SS 304 rod was deposited onto a mild steel plate. The rotational speed was set constant, the traverse speed varied from 100 mm/min to 450 mm/min and the feed rate from 50 mm/min to 500 mm/min. By visually assessing the deposition appearance, optimum parameters were found in the center of a trapezium-shaped area in the speed force map, where the deposition appearance corresponding to the travel speed and feed rate was plotted. Rafi et al. [16] chose H13 steel for the consumable rod and low-carbon steel for the substrate, and their results showed that the higher rotational speed produced a narrower deposition, while higher travel speeds resulted in thinner deposition and higher bond strength. Similar conclusions were found by Rafi et al. [17] and Vitanov et al. [13] . Tokisue et al. [18] studied the relationship between the interval of circular pattern and the rotational speed. When the rotational speed increased, the interval of circular pattern was smaller.
There are significant application-driven demands for steel and aluminium joining in industries such as shipbuilding, automotive and aerospace industries, but very limited research work has been found in the relevant literature. In the present study, 5083 aluminum alloy was used as the consumable rod, and DH36 steel plate as the substrate. The effects of friction process parameters (rotation speed, travel speed and feed rate) on the microstructure and properties of deposition are reported herein.
Experimental Procedures
An HT-JM16X8/2 static gantry friction stir welding machine (Aerospace Engineering Equipment Co. Ltd, Suzhou, China) was used in the friction surfacing experiments, as shown in Figure 2 . The DH36 steel has a thickness of 10 mm, and the AA5083 rod has a diameter of 20 mm. Any oxidation of the steel plate was removed by ultrasonic cleaning. The chemical composition of the two materials is presented in Tables 1 and 2 . Since the travel speed, rotation speed and feed rate have a great influence on the quality of deposition, nine tests with different parameter combinations (Table 3) were designed to investigate the effect of each parameter. In fact, parameters for tests No. 2, 5 and 8 were the same, hence seven tests were performed. 80  15  2  900  80  20  3  900  80  25  4  900  60  20  5  900  80  20  6  900  100  20  7  600  80  20  8  900  80  20  9  1200  80  20 The temperature was measured by K-type thermocouples (Shanghai Automation The temperature was measured by K-type thermocouples (Shanghai Automation Instrumentation Co. Ltd, Shanghai, China) placed inside the steel plate away from the surfacing zone. Their relative positions are shown in Figure 3 . CH01 and CH02 were 5 mm deep from the top surface, while CH3 and CH4 were placed only 0.2 mm from the top surface aiming to measure the temperature close to the interface between steel and aluminium deposition. The holes for CH01 and CH02 were drilled from the top surface, and the remaining holes (CH03 and CH04) were drilled from the bottom surface to assist the installation of the thermocouples. A non-contact temperature measurement method by means of a Fluke thermal infrared camera (Fluke Corporation, Everett, WA, USA) was also used to record the temperature field around the rod and steel substrate interface. The metallographic specimens were cut by a wire-cutting machine, allowing the surface to be observed perpendicular to the deposition direction, as shown in Figure 4 . The size of the specimen was a = 25 mm, b = 6 mm and c = 5 mm. Specimens were ground using coarse then fine grinding papers, followed by final polishing with a 0.5 μm diamond suspension. The cross section was etched using 4% nitric acid solution to enhance and reveal the microstructure. The specimens were observed on a light optical microscope and a JSM-5610LV scanning electron microscope (JEOL Ltd., Tokyo, Japan). Energy dispersive X-ray spectroscopy (EDS) (JEOL Ltd., Tokyo, Japan) was used to analyze the chemical composition at the interface of steel plate and deposited aluminium. To study the metallography of the deformed aluminium rod after FS processing, electrolytic polishing was chosen to smooth the surface, using a mixture of perchloric acid and ethanol with the volume ratio of 1:9. The anodic coating was then performed with a mixed solution of fluoroboric acid and purified water in a volume ratio of 13:200, and the microstructures were observed by optical microscope under polarized light. To examine the bond strength of the deposition, a three-point bending test method was adopted according to ASTM E290-14 [19] . A "V"-type guided bend was made to support the specimen, as shown in Figure 5a . The specimen surface with deposition faced downward to avoid direct contact with the punch. A typical bending specimen is shown in Figure 5b . The deposition in the middle of the specimen with a length of 30 mm was left in the as-produced condition, and the remaining was removed from the specimen so that no deposition material would contact the top surface of the "V"-type bend. The metallographic specimens were cut by a wire-cutting machine, allowing the surface to be observed perpendicular to the deposition direction, as shown in Figure 4 . The size of the specimen was a = 25 mm, b = 6 mm and c = 5 mm. Specimens were ground using coarse then fine grinding papers, followed by final polishing with a 0.5 µm diamond suspension. The cross section was etched using 4% nitric acid solution to enhance and reveal the microstructure. The specimens were observed on a light optical microscope and a JSM-5610LV scanning electron microscope (JEOL Ltd., Tokyo, Japan). Energy dispersive X-ray spectroscopy (EDS) (JEOL Ltd., Tokyo, Japan) was used to analyze the chemical composition at the interface of steel plate and deposited aluminium. To study the metallography of the deformed aluminium rod after FS processing, electrolytic polishing was chosen to smooth the surface, using a mixture of perchloric acid and ethanol with the volume ratio of 1:9. The anodic coating was then performed with a mixed solution of fluoroboric acid and purified water in a volume ratio of 13:200, and the microstructures were observed by optical microscope under polarized light. The metallographic specimens were cut by a wire-cutting machine, allowing the surface to be observed perpendicular to the deposition direction, as shown in Figure 4 . The size of the specimen was a = 25 mm, b = 6 mm and c = 5 mm. Specimens were ground using coarse then fine grinding papers, followed by final polishing with a 0.5 μm diamond suspension. The cross section was etched using 4% nitric acid solution to enhance and reveal the microstructure. The specimens were observed on a light optical microscope and a JSM-5610LV scanning electron microscope (JEOL Ltd., Tokyo, Japan). Energy dispersive X-ray spectroscopy (EDS) (JEOL Ltd., Tokyo, Japan) was used to analyze the chemical composition at the interface of steel plate and deposited aluminium. To study the metallography of the deformed aluminium rod after FS processing, electrolytic polishing was chosen to smooth the surface, using a mixture of perchloric acid and ethanol with the volume ratio of 1:9. The anodic coating was then performed with a mixed solution of fluoroboric acid and purified water in a volume ratio of 13:200, and the microstructures were observed by optical microscope under polarized light. To examine the bond strength of the deposition, a three-point bending test method was adopted according to ASTM E290-14 [19] . A "V"-type guided bend was made to support the specimen, as shown in Figure 5a . The specimen surface with deposition faced downward to avoid direct contact with the punch. A typical bending specimen is shown in Figure 5b . The deposition in the middle of the specimen with a length of 30 mm was left in the as-produced condition, and the remaining was removed from the specimen so that no deposition material would contact the top surface of the "V"-type bend. To examine the bond strength of the deposition, a three-point bending test method was adopted according to ASTM E290-14 [19] . A "V"-type guided bend was made to support the specimen, as shown in Figure 5a . The specimen surface with deposition faced downward to avoid direct contact with the punch. A typical bending specimen is shown in Figure 5b . The deposition in the middle of the specimen with a length of 30 mm was left in the as-produced condition, and the remaining was removed from the specimen so that no deposition material would contact the top surface of the "V"-type bend. 
Results and Discussion

Surface Morphology
The characteristics of the deposited aluminium layer on the steel substrate are shown in Figure  6 . The surface morphology varied with different process parameters in the aspects of deposition width, thickness and roughness. The width and thickness of the deposition during steady state for all samples are presented in Table 4 . For tests No. 1, 2 and 3, the same travel speed and rotational speed were employed, and the consumable rod feed rates were 15 mm/min, 20 mm/min and 25 mm/min, respectively. The surface quality of the deposition decreased with the increase of the feed rate. The widths of samples 1 and 2 were similar and slightly greater than that of sample 3. All three samples had the same thickness of 1 mm. The thickness measurement only took account of continuous material layer, and the scattered depositions in sample 2 and 3 were not considered. Therefore, the feed rate had little effect on the width and thickness of the deposition. 
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The characteristics of the deposited aluminium layer on the steel substrate are shown in Figure 6 . The surface morphology varied with different process parameters in the aspects of deposition width, thickness and roughness. The width and thickness of the deposition during steady state for all samples are presented in Table 4 . For tests No. 1, 2 and 3, the same travel speed and rotational speed were employed, and the consumable rod feed rates were 15 mm/min, 20 mm/min and 25 mm/min, respectively. The surface quality of the deposition decreased with the increase of the feed rate. The widths of samples 1 and 2 were similar and slightly greater than that of sample 3. All three samples had the same thickness of 1 mm. The thickness measurement only took account of continuous material layer, and the scattered depositions in sample 2 and 3 were not considered. Therefore, the feed rate had little effect on the width and thickness of the deposition. speed were employed, and the consumable rod feed rates were 15 mm/min, 20 mm/min and 25 mm/min, respectively. The surface quality of the deposition decreased with the increase of the feed rate. The widths of samples 1 and 2 were similar and slightly greater than that of sample 3. All three samples had the same thickness of 1 mm. The thickness measurement only took account of continuous material layer, and the scattered depositions in sample 2 and 3 were not considered. Therefore, the feed rate had little effect on the width and thickness of the deposition. For test No. 4, 2 and 6, the feed rate and rotational speed were kept constant, and the travel speeds were 60 mm/min, 80 mm/min and 100 mm/min, respectively. The visual surface quality of the deposition improved with the increase in travel speed. The widths of sample 4 and 2 were similar For test No. 4, 2 and 6, the feed rate and rotational speed were kept constant, and the travel speeds were 60 mm/min, 80 mm/min and 100 mm/min, respectively. The visual surface quality of the deposition improved with the increase in travel speed. The widths of sample 4 and 2 were similar and greater than that of sample 6, hence, lower travel speed led to wider deposition. A similar conclusion was found by Rafi et al. [16] . The thickness of sample 4 was slightly greater than those of samples 2 and 6, indicating that lower travel speed led to thicker deposition.
For test No. 7, 2 and 9, the same feed rate and travel speed were used, and the rotational speeds were 600 rpm, 900 rpm and 1200 rpm, respectively. An obvious defect existed in sample 7, the aluminium in the center was not bonded to the steel substrate. Test 7 had the lowest rotation speed resulting in the least heat generation and lowest temperature. With the increase of rotation speed, the deposition width decreased, which is consistent with findings in Rafi et al. [16] . Test 9 had the highest rotation speed and produced the sample with the worst surface quality among all tests.
Thermal Analysis
Temperature evolution measured from the thermocouples at CH03 and CH04 is plotted in Figure 7 . The temperature increased rapidly when the rod passed the measuring points and then gradually decreased to ambient temperature. The peak temperature was higher at the center than that at edge of the deposition zone. It was found, from Figure 7 , that a lower travel speed resulted in higher temperature due to higher heat input per unit time. This was also evidenced by the infrared thermal images, as shown in Figure 8 . The temperature histories at CH01 for three different travel speeds were also determined, and the curves were plotted in Figure 9a . The effect of travel speed on temperature was similar for different positions on the steel substrate.
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Metallographic Analysis
A typical metallographic specimen is shown in Figure 10 . There were scattered depositions on top of the continuous deposited layer. The thickness increased towards the two sides of the deposition, especially at the retreating side (RS). The parent material microstructures of AA5083 and DH36 are given in Figure 11 ; the typical banded structure of pearlite and equiaxed ferrite was found for DH36. At the interface of deposition layer and substrate, the aluminum underwent severe plastic deformation, and the grains were refined. Because of higher hardness and strength, the steel substrate microstructure was affected substantially less than the aluminium, as shown in Figures 12-14 for three typical cases. Only samples 3, 4, 9 were observed because the depositions on samples 1, 2 and 6 fell off when preparing the metallographic specimen. Because of the groove defect, sample 7 was not considered. As indicated in Table 3 , test 3 had the highest feed rate among tests 1-3, test 4 employed the lowest travel speed among tests 4-6 and test 9 used the highest rotation speed among tests 7-9; hence, high-quality interface microstructures were produced with higher feed rate, lower travel speed and higher rotation speed. Clear interfaces can be identified in the middle of the specimen in Figures 12a, 13a and 14a . However, a larger interaction zone was found in the retreating side of the deposition, as shown in Figures 12b, 13b and 14b , indicating more intense friction at both advancing and retreating sides.
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SEM and EDS Analysis
Scanning electron microscopy (SEM) was utilized to obtain further information about the surface topography and composition of the sample. The images for specimen 3 at the center and retreating side of the interface are shown in Figure 17a ,b, respectively. In the central region, the aluminium was found to be in close contact with the steel substrate. The thickness of the bonding interface was smaller and smoother. However, in the outer sides of the interface, a greater mechanically interacting zone was produced. Gaps or cracks were identified in the interface. During the FS process, the rod was subjected to substantial plastic deformation. The characteristic shape of the deformed rod is exhibited in Figure 15 . The accumulated flash can be identified at the bottom end. The microstructures of the consumable rod in the flash (region A) and the heat-affected region (region B) are presented in Figure 16 . Similar to findings by Vilaça et al. [20] , the grain structure in the flash was finer and more uniform than in region B, since the flash materials experienced significant plastic deformation. 
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Scanning electron microscopy (SEM) was utilized to obtain further information about the surface topography and composition of the sample. The images for specimen 3 at the center and retreating side of the interface are shown in Figure 17a ,b, respectively. In the central region, the aluminium was found to be in close contact with the steel substrate. The thickness of the bonding interface was smaller and smoother. However, in the outer sides of the interface, a greater mechanically interacting zone was produced. Gaps or cracks were identified in the interface. To further investigate the composition of the interface, electron dispersive X-ray spectroscopy (EDS) was performed to scan the sample. The graph of the line scanning across the interface from AA5083 to DH36 is shown in Figure 18a . Element contents for Al and Fe were plotted in Figure 18b ,c, respectively. Iron was found in the AA5083 rod close to the interface, indicating elemental diffusion To further investigate the composition of the interface, electron dispersive X-ray spectroscopy (EDS) was performed to scan the sample. The graph of the line scanning across the interface from AA5083 to DH36 is shown in Figure 18a . Element contents for Al and Fe were plotted in Figure 18b ,c, respectively. Iron was found in the AA5083 rod close to the interface, indicating elemental diffusion of Fe to AA5083. Materials from the rod and steel substrate were mixed in the interface, since all the above four elements were observed in the interface layer of the material. The element Al content dropped sharply in the whiter region, and the chemical composition was different from those of AA5083 and DH36, revealing that a metallic compound might be produced. The weight percent, wt % and atomic percent, at % for point A in Figure 19 are tabulated in Table 5 . The focus was on Fe and Al, as the contents of Mg and Mn were much lower in the white particle. Referring to Fe-Al alloy phase diagram [17] , the metallic compound FeAl 3 corresponds to Al at. 76.62%. To further investigate the composition of the interface, electron dispersive X-ray spectroscopy (EDS) was performed to scan the sample. The graph of the line scanning across the interface from AA5083 to DH36 is shown in Figure 18a . Element contents for Al and Fe were plotted in Figure 18b ,c, respectively. Iron was found in the AA5083 rod close to the interface, indicating elemental diffusion of Fe to AA5083. Materials from the rod and steel substrate were mixed in the interface, since all the above four elements were observed in the interface layer of the material. The element Al content dropped sharply in the whiter region, and the chemical composition was different from those of AA5083 and DH36, revealing that a metallic compound might be produced. The weight percent, wt % and atomic percent, at % for point A in Figure 19 are tabulated in Table 5 . The focus was on Fe and Al, as the contents of Mg and Mn were much lower in the white particle. Referring to Fe-Al alloy phase diagram [17] , the metallic compound FeAl3 corresponds to Al at. 76.62%. In the central region of the deposition interface, the element details at point B in the vicinity of the interface on the AA5083 side were also analyzed, as shown in Figure 20 . The composition of the main elements is provided in Table 5 . Similar to point A, the intermetallic compound FeAl 3 formed. Clearly, elemental diffusion of Fe took place from the steel to the aluminium alloy as a result of the thermo-mechanical effect during FS. EDS analysis was also performed for specimens 4 and 9; FeAl 3 was detected in the interfaces; however, apart from FeAl 3 , the intermetallic compound FeAl existed in specimen 4. In the central region of the deposition interface, the element details at point B in the vicinity of the interface on the AA5083 side were also analyzed, as shown in Figure 20 . The composition of the main elements is provided in Table 5 . Similar to point A, the intermetallic compound FeAl3 formed. Clearly, elemental diffusion of Fe took place from the steel to the aluminium alloy as a result of the thermo-mechanical effect during FS. EDS analysis was also performed for specimens 4 and 9; FeAl3 was detected in the interfaces; however, apart from FeAl3, the intermetallic compound FeAl existed in specimen 4. 
Bond Strength
The depositions on samples 1, 2, 6 and 9 were detached when preparing bending specimens, and sample 7 revealed a groove defect in the middle of the deposition. Hence, bond strength tests were only carried out for samples 3 and 4. The deposition on sample 3 bent with the steel as the die moved downward, and, suddenly, half of the deposition separated from the substrate before damages (cracks) occurred in the deposition, as shown in Figure 21a . From the force-displacement curve, Figure 21b , a noticeable maximum point can be identified, where a sharp drop in force happened. However, for sample 4 in Figure 22 , no sudden separation was found during the test. A crack gradually developed at the edge of the depositions on the retreating side, corresponding to a relatively smoother decrease in force. 
The depositions on samples 1, 2, 6 and 9 were detached when preparing bending specimens, and sample 7 revealed a groove defect in the middle of the deposition. Hence, bond strength tests were only carried out for samples 3 and 4. The deposition on sample 3 bent with the steel as the die moved downward, and, suddenly, half of the deposition separated from the substrate before damages (cracks) occurred in the deposition, as shown in Figure 21a . From the force-displacement curve, Figure 21b , a noticeable maximum point can be identified, where a sharp drop in force happened.
However, for sample 4 in Figure 22 , no sudden separation was found during the test. A crack gradually developed at the edge of the depositions on the retreating side, corresponding to a relatively smoother decrease in force.
The depositions on samples 1, 2, 6 and 9 were detached when preparing bending specimens, and sample 7 revealed a groove defect in the middle of the deposition. Hence, bond strength tests were only carried out for samples 3 and 4. The deposition on sample 3 bent with the steel as the die moved downward, and, suddenly, half of the deposition separated from the substrate before damages (cracks) occurred in the deposition, as shown in Figure 21a . From the force-displacement curve, Figure 21b , a noticeable maximum point can be identified, where a sharp drop in force happened. However, for sample 4 in Figure 22 , no sudden separation was found during the test. A crack gradually developed at the edge of the depositions on the retreating side, corresponding to a relatively smoother decrease in force. Rotation speed and travel speed remained constant for samples 1, 2 and 3 during the FS process; the highest feed rate was used for sample 3, indicating that the bond strength increased with the increase of downward pressure exerted by the rod. Comparing samples 4, 2 and 6, lower travel speed led to higher bond strength. For samples 7, 2 and 9, sample 9, which had the highest rotation speed, had the highest bonding strength. Higher rotation speed generated more heat and higher temperature in the deposition zone. Therefore, high bonding strength could be achieved by high contact pressure and temperature in the interface.
Conclusions
The FS process parameters play a key role in generating a high-quality depositions. The increase in feed rate led to higher deposition bonding strength and lower deposition roughness. Increasing the travel speed reduced the deposition thickness and bonding strength but increased surface quality. With the increase of rotation speed, the deposition width and surface quality decreased, while the bonding strength increased.
With the chosen process parameters, a good deposition interface was created. As a result of thermomechanical effects, elements from both aluminium alloy and steel substrate were found in the interface layer materials. Elemental diffusion of Fe to the AA5083 side of the interface was detected, and metallic compound FeAl3 was produced. Rotation speed and travel speed remained constant for samples 1, 2 and 3 during the FS process; the highest feed rate was used for sample 3, indicating that the bond strength increased with the increase of downward pressure exerted by the rod. Comparing samples 4, 2 and 6, lower travel speed led to higher bond strength. For samples 7, 2 and 9, sample 9, which had the highest rotation speed, had the highest bonding strength. Higher rotation speed generated more heat and higher temperature in the deposition zone. Therefore, high bonding strength could be achieved by high contact pressure and temperature in the interface.
With the chosen process parameters, a good deposition interface was created. As a result of thermomechanical effects, elements from both aluminium alloy and steel substrate were found in the interface layer materials. Elemental diffusion of Fe to the AA5083 side of the interface was detected, and metallic compound FeAl 3 was produced. 
